ABSTRACT. To determine the role of insulin clearance in the dawn phenomenon, we studied 10 adolescents with IDDM in comparison to 10 healthy, matched control subjects reported previously. In diabetics, metabolic clearance rate of insulin was calculated during i.v. infusion of insulin from 0100 to 0430 h and from 0430 to 0800 h (0.17 and 0.33 mU/kg/min, respectively), with a Harvard pump, while maintaining nocturnal euglycemia. In controls, metabolic clearance rate of insulin was calculated from the prehepatic insulin secretion rate based on C-peptide levels. In diabetic and control subjects, plasma glucose, free insulin, and glucagon concentrations were similar and did not change during the dawn period. However, metabolic clearance rate of insulin increased during the dawn period in diabetic (9.42 f 0.91 to 19.89 f 1.52 mL/kg/min, p < 0.0001) and control subjects (4.87 f 1.11 to 9.30 f 1.50 mL/kg/min, p = 0.008). Plasma cortisol and adrenocorticotropic hormone levels increased and growth hormone (GH) decreased significantly during the dawn period. Diabetic adolescents had significantly higher plasma GH levels than control subjects throughout the night. We conclude the 1) increased insulin clearance is responsible for the dawn phenomenon in healthy and diabetic adolescents and 2) insulin resistance due to GH is an unlikely cause for the dawn phenomenon because diabetic subjects, despite higher GH levels, maintain plasma glucose levels similar to control subjects without requiring higher plasma free insulin concentrations. (Pediatr Res 31: 203-206, 1992) Abbreviations GH, growth hormone IDDM, insulin-dependent diabetes mellitis ACTH, adrenocorticotropic hormone MCR, metabolic clearance rate Since the first description of the dawn phenomenon a decade ago (I), its pathogenesis still remains controversial. There is continued debate as to whether increased insulin clearance (2-
or decreased insulin action (9) (10) (11) (12) (13) is responsible for the increasing plasma glucose concentrations and/or insulin requirements between 0500 and 0900 h in diabetic as well as healthy subjects. Moreover, nocturnal GH secretion has been proposed as the causative factor leading to insulin resistance of the dawn period (10, 1 1, 14, 15) . However, suppression of GH secretion does not invariably abolish the dawn phenomenon (1 6-1 8) .
Puberty is characterized by increased GH secretion (19-20) and insulin resistance (2 I), both of which are more pronounced in the diabetic adolescent (21) (22) (23) (24) . Given this background, one would expect a significant dawn phenomenon as a result of increased nocturnal GH secretion in healthy adolescents and, more so, in diabetic adolescents. However, in a previous investigation, we had demonstrated that the presence of the dawn phenomenon in healthy adolescents was characterized by an increase in metabolic clearance rate of insulin and not insulin resistance (25) . Thus, the aim of this study was to evaluate the dawn phenomenon in adolescents with IDDM in comparison to the previously reported healthy subjects.
MATERIALS AND METHODS
Ten adolescents (five males, five females) with IDDM were studied. Their age was 16.6 k 1.3 y (mean + SD) with Tanner developmental stages 11-V. The duration of diabetes was 9.4 k 3.8 y, and glycosylated Hb was 9.8 + 2.3%. Body mass index was 21.5 k 2.0 kg/m2. All patients were receiving twice-daily intermediate-acting (Neutral Protamine Hagedorn) plus shortacting (regular) s .~. insulin injections with a mean daily insulin dose of 0.9 k 0.2 U/kg. None of the patients had clinical or laboratory evidence of diabetic complications or other systemic diseases. Patients were compared with 10 nondiabetic healthy volunteers, reported previously (25), that were matched for age, pubertal development, and body mass index. Informed consent and assent was obtained from research participants and their parents. The study protocol was approved by the Human Rights Committee of Children's Hospital of Pittsburgh.
All studies were performed at the General Clinical Research Center of Children's Hospital of Pittsburgh. During evaluation, research participants consumed a weight-maintaining diet containing 55% carbohydrate, 30% fat, and 15% protein. Twentyfour h before the study, all intermediate-acting insulins were discontinued in the IDDM subjects. Patients received regular insulin S.C. before meals, with the last meal at 2 100 h. Afterwards, they were placed at bed rest, and between 2130 and 2200 h a dorsal hand vein was cannulated for intermittent blood sampling and a contralateral arm vein for insulin infusion. A variable rate i.v. infusion of regular human insulin was begun with a Hamard pump at 2200 h aiming to normalize plasma glucose concentrations. By 0100 h, all diabetic subjects were rendered euglycemic 
Plasma glucose and free insulin concentrations (Figs. I and 2).
In diabetic subjects, plasma glucose concentrations remained constant throughout the night with no difference between 0 100 to 0400 and 0500 to 0800 h (5.2 +-0.3 and 5.1 + 0.3 mmol/L) ( Figs. 1 and 2 ). There were no differences in nocturnal plasma glucose concentrations between diabetic and control subjects ( Figs. 1 and 2 ). In the diabetic group, plasma glucose concentrations increased in four subjects and decreased in the remaining six subjects during the dawn period. There were no differences between these two groups except for HbA, level, which was higher in the former (1 1.5 f 1.0 versus 8.7 f 0.8%, p = 0.052). In the control group, plasma glucose concentrations increased in three and decreased in the other seven subjects.
Plasma free insulin levels in diabetic subjects at 0300 h and thereafter were significantly lower than that at 0100 h (122 a 12 versus 175 a 14 pmol/L, p = 0.05), despite a constant rate infusion of insulin from 0100 to 0430 h. There was no difference in free insulin concentrations between 0100 to 0400 and 0500
to 0800 h (14 1 a 13 and 125 a 9 pmol/L), despite higher insulin infusion rates after 0430 h ( Figs. 1 and 2 ). There were no differences between diabetic and nondiabetic subjects (Figs. 1 at 0.17 mU/kg/min, which was increased to 0.33 mU/kg/min 225-at 0430 to 0800 h to maintain normoglycemia and prevent the dawn-related increase in plasma glucose concentration. These
200-
infusion rates were determined from previous studies and our 175-pilot studies to be sufficient to maintain overnight euglycemia 150- (4, 10, 26) . A Harvard pump was used in all the studies to infuse 5 9 insulin because it has been reported that insulin delivery may 3 5 125-wane during prolonged Biostator infusion but not during Har-8 5 100-vard pump infusion (9, 27) .
I L
Blood samples were taken at hourly intervals from 0100 75 -through 0800 h for determination of plasma glucose (glucose 50-oxidase method; YSI glucose analyzer, Yellow Springs Instru-25 -ment Co., Yellow Springs, OH) and free insulin (28), after and 2).
MCR of insulin (Fig. 3) . 4 ). In diabetic and nondiabetic subjects, plasma glucagon concentrations were similar and did not change overnight. In diabetic subjects, plasma GH concentrations decreased throughout the night from a peak of 26.1 +-4.5 pg/L at 0100 h to a nadir of 3.7
+-1.0 pg/L at 0500 h ( p < 0.05). The mean plasma GH concentration between 0100 and 0400 was 2-fold that between 0500 and 0800 h (15.5 t-1.9 versus 7.5 f 1.0 pg/L; p = 0.005). Plasma GH levels were twice as high in diabetic as in control subjects for both the 0 100 to 0400 h period (1 5.5 & 1.9 versus 7.6 f 1.2 pg/L; p = 0.003) and the 0500 to 0800 h period (7.5 a 1.0 versus 3.0 +-0.9 pg/L; p = 0.004). Plasma cortisol and ACTH concentrations increased through the night, with significantly higher levels between 0500 and 0800 h versus 0100 to the periods 0100 to 0400 and 0500 to 0800 h (30). The MCR of a insulin in the nondiabetic group was calculated from prehepatic 2 -insulin secretion rate based on C-peptide levels as reported in our previous study (25).
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Standard statistical methods were used, and data are expressed as mean f SEM. Differences between diabetic and nondiabetic 0 The present study demonstrates that the MCR of insulin increases during the dawn period in adolescents with IDDM. A doubling of insulin infusion rate at 0430 h prevents the dawnrelated increase in plasma glucose concentration without a change in plasma free insulin concentration. This doubling of exogenous insulin infusion rate is commensurate with our previous finding in healthy adolescents, in whom endogenous insulin secretion doubled to compensate for the increased insulin clearance (25). Furthermore, in the diabetic subjects, plasma free insulin concentrations continue to fall from 0100 to 0400 h despite a constant insulin replacement rate, indicating that insulin clearance was increasing during this period of the night relative to presleep values. m subjects were analyzed using the t test for unpaired samples.
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Within each group, the change in overnight hormone concentration was analyzed by repeated measures analysis of variance.
Time of Day Paired t test was used to compare the periods 0100 to 0400 and Several studies have suggested that MCR of insulin increases in the early morning in patients with IDDM (2) (3) (4) (5) (6) (7) (8) . In the earlier studies (4, 5) , a closed-loop insulin infusion device (Biostator GCIIS; Miles Laboratories, Elkhart, IN) was used. Later reports indicated that insulin delivery by the Biostator wanes over time and that the apparent overnight increase in insulin clearance observed in studies with the Biostator is artifactual as a result of pump-induced aggregation of insulin (9, 27 ). This was not observed when a Harvard pump was used (27) . In the present studies, insulin was infused by a Harvard pump, and the recovery of insulin from the infusate at the site of entry to the patient ranged from 96 to 104% at the end of the experiment. Thus, it is highly unlikely that the increase in insulin clearance during Fig. 4 . Plasma GH, glucagon, cortisol, and ACTH levels between 0100 and 0400 h (open bars) vs 0500 to 0800 h (shaded bars) in control (CN) and IDDM subjects. the dawn period is artifactual. Moreover, other investigators using Harvard pump infusion of insulin have demonstrated an overnight increase in MCR of insulin (2, 3, 6, 8) in diabetic patients. Furthermore, the observed increases in MCR of insulin in these studies are of comparable magnitude to each other (3, 4, 8) . The variation in the value of MCR of insulin in diabetic subjects among the various studies (3, 4, 6, 12) is in all likelihood the result of differences in the titer of circulating insulin antibodies. Diabetic patients with high insulin antibody titers have values for MCR that are considerably greater than those of nondiabetic subjects and diabetic patients with lower antibody levels (3 1,32) . This is evident in the present study population, where MCR of insulin is significantly higher at all times in diabetic subjects than in controls.
The mechanism(s) responsible for the increased insulin clearance during the dawn period remain obscure. However, a recent investigation suggests that GH contributes to the development of the dawn phenomenon by increasing insulin clearance (8) . In this study, the authors demonstrated that insulin clearance increased during the dawn period in GH-sufficient IDDM subjects without a change in GH-deficient patients. Moreover, in a different study there is the suggestion that chronic suppression of GH with cholinergic blockade results in a reduction in insulin clearance (7) . Additionally, it has been shown that GH administration in diabetic subjects resulted in a significant reduction in plasma free insulin concentrations (33). On the other hand, GH has been implicated to be responsible for the dawn phenomenon through induction of the hepatic and peripheral tissue insulin resistance (10, 1 1, 13-1 5) . If this were the case, then the diabetic subjects in the present study, who have GH concentrations twice as high as those of control subjects, would be expected to require high circulating plasma free insulin concentrations to maintain euglycemic conditions similar to controls. However, our data demonstrate that adolescents with IDDM maintain dawn blood glucose levels similar to control subjects with similar peripheral insulin concentrations. Moreover, if one takes into account that the portal to peripheral insulin concentration gradient is two to three in control subjects and one in IDDM patients (34, 35) , then it becomes clear that portal insulin concentrations would be much lower in diabetic subjects. Despite this, plasma glucose concentrations are similar in diabetic and nondiabetic subjects during the dawn period, suggesting that the diabetic adolescents are more insulin sensitive (hepatic) (36) and, therefore, require lower portal insulin levels to achieve the same degree of euglycemia. Another explanation for, the lack of evi-206 ARSLANIAN ET AL. dence for dawn-related insulin resistance in IDDM patients, despite 2-fold higher GH concentrations compared with control subjects, is that the elevated GH levels are metabolically inactive (37). It has been demonstrated that increases in plasma GH within the physiologic range (-9-16 ng/mL) can cause insulin resistance in normal (38) and diabetic subjects (39). The lack of evidence for insulin resistance during the dawn period in our adolescents with IDDM despite the 2-fold higher GH levels would suggest that insulin resistance is an unlikely cause for the dawn phenomenon, especially when this is interpreted in the context of changes in the healthy controls.
In conclusion, the present study demonstrates that MCR of insulin increases during the dawn period in healthy and diabetic adolescents. This increased insulin metabolism influences the early-morning insulin requirements, but not the plasma glucose levels, as long as insulinization remains adequate by the compensatory increase in insulin secretion in normal subjects or by exogenous insulin infusion in diabetic subjects. The higher nocturnal GH concentration in diabetic adolescents is not associated with insulin resistance compared with healthy controls. Whether elevated GH levels play a role in the observed changes in insulin clearance during the dawn period between diabetic and normal subjects remains to be clarified.
